This article presents hitherto unpublished correspondence of Struble in 1947 with Menger, Chandrasekhar, and eventually Einstein, about a possible observational test supporting Einstein's special relativity against Ritz's emission theory using binary stars. This 'Struble effect,' an acceleration Doppler effect in emission theory, appears to have been overlooked, and the historical context, including de Sitter's binary star test of special relativity, is also discussed.
Introduction
The nature of light propagation is central to the history of relativity theory. An early rival of Einstein's special relativity was emission theory, which was also consistent with the negative result of the Michelson-Morley experiment. In 1947, Raimond Struble (1924 Struble ( -2013 , then a student at the University of Notre Dame and later a professor of mathematics at North Carolina State University in Raleigh, corresponded with Chandrasekhar at Yerkes Observatory and Einstein at the Institute for Advanced Study about an observational test of emission theory using binary stars. While de Sitter, among others, had shown earlier that binary star observations do, indeed, support special relativity against emission theory, Struble pointed out a new Doppler effect due to the binary's orbital acceleration, which appeared to have been overlooked. These letters and related documents, hereinafter denoted Struble-Einstein correspondence (SEC), are held privately and are listed in the Appendix. The purpose of this article is twofold: on the one hand, to present this unpublished correspondence with Einstein and, on the other hand, to draw attention to Struble's effect and place it in its historical context of binary star tests of emission theory.
Historical background

Emission theory
After Einstein's paper on special relativity 1 was published in 1905, emission theory was considered as a viable alternative to understand the negative result 2 of the Michelson-Morley interferometer experiment without the need to adopt special relativistic kinematics. This theory was developed in particular by Walter Ritz (1878-1909), Einstein's junior by one year at the Zurich Polytechnic Institute (presently the ETH), who proposed such a framework 3 in 1908 (see, e.g., Ref. 4 for historical aspects): light is emitted at a constant speed c in any direction u, |u| = 1, relative to a source moving at velocity v relative to an observer. Thus, the velocity of light relative to the observer becomes
Just as Einstein's theory, this is consistent with Michelson-Morley because light has a constant speed relative to the interferometer in this case (without being universally constant), so there is no diurnal variation of the light travel time.
To test the emission theory with a similar interferometer experiment, one would either require suitably moving mirrors, as was indeed considered by Michelson 5 himself in 1913, or a light source moving fast with respect to the interferometer, such as a celestial light source. This point was made by Tolman in 1912: "Hence if the Ritz theory should be true, using the sun as source of light we should find on rotating the apparatus a shift in the [interference] fringes of the same magnitude as originally predicted for the Michelson-Morley apparatus where a terrestrial source was used. If the Einstein theory should be true, we should find no shift in the fringes using any source of light." (Ref. 6) A negative result using star light was finally achieved by Tomaschek 7 in 1924, providing strong evidence against emission theory and corroborating special relativity. Meanwhile, other experimental tests of emission theory were sought, and it is here that binary stars enter the picture.
Binary star tests
Consider an idealized Newtonian binary star system consisting of a small component S orbiting a large component with speed v in a circular orbit of radius a, whose centre is effectively the barycentre of the system. We assume also that the observer E is coplanar with the orbit at large distance d, d ≫ a, and that light is emitted isotropically by S at the emission time t 0 . Denoting the constant orbital angular velocity of S by ω, we have v = aω. This setup is illustrated in Fig. 1 . Suppose, now, that emission theory holds. Then at emission time t 0 ,
from (1). This speed is constant from S to E, which are separated by the distance d(t 0 ) ≃ d + a sin ωt 0 , so a light signal emitted by S at t 0 is received by E at the observation time
at leading order, with v ≪ c. Hence, the observation time t is a linear function of the emission time t 0 plus a small oscillation, as would be the case in Einstein's theory with c r (t 0 ) = c = const. However, note that dω/c can be large, so the fourth term in (3) need not be negligible, and this gives rise to characterstic optical effects of emission theory: if dω/c is sufficiently large, the map t → t 0 is no longer oneto-one, and a given observation time corresponds to multiple emission times. In other words, E would observe S at the same time in multiple points of its orbit. In his Introduction to the Theory of Relativity, Bergmann referred to this phenomenon of multiple star images as "ghost stars", whose absence provided strong evidence against the emission theory of Ritz and for the constancy of the speed of light in the sense of Einstein's special relativity theory:
"In some cases, we should observe the same component of the double star system simultaneously at different places, and these 'ghost stars' would disappear and reappear in the course of their periodic motions. [...] However, no trace of any such effect has ever been observed. This is sufficiently conclusive to rule out further consideration of this hypothesis." (Ref. 8, pp. 19-20) Daniel Comstock (1883 Comstock ( -1970 , who visited J. J. Thomson at Cambridge during 1906-1907 before returning to MIT where he later became a co-founder of Technicolor 9 , seems to have been the first to seriously consider astronomical tests of emission theory, in particular its implications for binary stars. At a meeting of the American Physical Society in October 1909 at Princeton, he noted that "The assumption that the velocity of light depends on that of the source has, so far as the author is aware, never been properly examined. This is strange, but is probably explainable as a natural result of the complete trust which has been put for years in the conception of an ether." (Ref. 10) In 1910, Comstock devised a criterion 11 to check whether the orbit of an observed binary obeys Keplerian motion, thus revealing anomalies such as a changing speed of light according to emission theory. Apparently unaware of Comstock's work, de Sitter also proposed 12, 13 to use binary star orbits to constrain emission theory in February 1913. This seems to have had more impact, and generated considerable interest within the physics community during that year, e.g. with papers by Guthnick 14 and Freundlich 15 . In his reply 16 , de Sitter agreed to a parametric extension generalizing Eq. (1),
where κ = 1 in Ritz's original theory and κ = 0 in special relativity. The task, then, was to constrain κ, and by considering the system β Aurigae, he found κ < 0.002 and hence good agreement with special relativity. Einstein In addition to orbital properties, Struble thought that binary systems can provide other observational evidence for special relativity, as we shall discuss now.
Struble's effect
Motivation and results
As a student, in the wake of the atomic bombs ending the Second World War, Struble became interested in the underlying physics, the mass defect ∆E = ∆mc "I asked Mr. Struble to study the geometrical aspects of DeSitter's theory and in pursuing this study he discovered another phenomenon which would be observable if the principle [of the constancy of the speed of light] were wrong, namely, a change in the wave length of the light emitted by the companion. This change would be entirely different from the Doppler effect, and quantitatively much larger than DeSitter's phenomena." (SEC 4)
The argument (SEC 3) can be summarized as follows. Consider again a binary star system in emission theory as discussed in Sec. 2.2, with speed of light c r relative to the observer E given by Eq. (2). Now the observed frequency of light ν is related to the frequency ν 0 at the emitter S by
In other words, there is a standard Doppler effect in frequency which is linear in the orbital speed v, but it should be noted carefully that the wavelength of light remains unchanged, λ = λ 0 , as pointed out by Tolman 21 in 1910. However, Struble observed that the changing of c r with θ or emission time t 0 , that is, the orbital acceleration, gives rise to an actual change in wavelength which can be very large. This is the "change [...] entirely different from the Doppler effect" which Menger referred to in the quotation above.
To see this, note that during the time ∆t 0 = λ 0 /c needed to emit a monochromatic wave of length λ 0 at S, the speed of light relative to E has changed by ∆c r ≃ ∆t 0 aω 2 sin ωt 0 , from Eq. (2). So after a travel time of approximately d/c to reach E, the wavelength has changed by
at leading order c . As before in Eq. (3), the term containing d may give rise to a large observational effect.
In February 1947, Struble expounded his argument in a letter to Chandrasekhar at Yerkes Observatory, who noted in his reply, shown in Fig. 2, that " [...] it does seem that no one has thought of the effect of acceleration on the velocity of light on classical lines." (SEC 1) However, he cautioned that group velocity rather than phase velocity should be considered, and that "[...] one's interest is somewhat dimmed by the consideration that the effect is not present anyway." (SEC 1) Special relativity was well established and tested by that time, and the latter remark is also echoed by Tate (SEC 2), the editor of Physical Review, where Struble had tried to publish his work as a Letter to the Editor. Six days after this rejection, Menger tried intercede on behalf of his former student (SEC 4), and received a reply from the assistant editor Hill (SEC 6). While acknowledging that there are theoretical issues with accelerated light sources even in classical electrodynamics d , Hill agreed with Tate that special relativity was already sufficiently corroborated and therefore questioned that He also pointed out that it remains unclear in Struble's derivation how the spectral energy distribution changes, a remark that reflects Chandrasekhar's concern about the group velocity.
Correspondence with Einstein
Having thus received encouragement as well as rejection, Struble decided to approach Einstein himself as arbiter "for final judgement" (SEC 7) regarding the validity of his derivation. In October 1947, Struble sent a letter to Einstein at the Institute for Advanced Study, emphasizing his new effect: "Many spectroscopic binary systems would exhibit these ghost stars due to their geometric characteristics, but as of now I have been unable to find any visible binary systems which would. Mostly because of this I investigated geometrical consequences of Ritz' hypothesis which concerned these visible double stars, in an attempt to agument [sic] de Sitter's repudiation." (SEC 7)
The accompanying computation (SEC 8) recapitulated the one sketched above (SEC 3), although Struble expressed his result now in terms of frequency rather than wavelength.
In his reply of November 1947 (SEC 9), shown in Fig. 3 , Einstein agreed that Struble's argument "is essentially right", although he preferred his own derivation. Using again the notation of Sec. 2.2, Einstein obtained an approximation for the observation time as a function of emission time,
as in Eq. (3), ignoring the constant d/c and neglecting the other terms. Infinitesimal intervals are therefore related by
Assuming that the phase ϕ of the light wave obeys a simple harmonic oscillation, Einstein noted that the frequency is
and the chain rule implies
so that, neglecting the last term and using equation (5),
which, in the given approximation, is in agreement with Struble's result. Einstein also supported his interpretation, stating that "The effect is, of course, in most cases of observation much greater than the ordinary Doppler-effect and without doubt incompatible with the experimental facts" (SEC 9), but, in closing his letter, reminded Struble that careful checking of the literature is in order since "I should be quite astonished if De Sitter would not have made this little calculation. In any case, you should carefully look into his paper before publishing something about it." (SEC 9) e The letter has
dt 2 , but the mistake in the first term of the right-hand side does not propagate to the following computations. Despite the approximations made, equality signs are used throughout the letter (SEC 9).
Aftermath and assessment
Einstein's letter made it clear that the question of priority for Struble's result had to be settled before any further attempt at publication should proceed. In January 1948, Menger advised Struble to obtain the original papers regarding the binary star effects of emission theory (SEC 10) The amplitude of emission theory effects will then be determined by the ratio ∆t/T , where T := 2π/ω is the orbital period of the binary (Ref. 8, p. 20) . Hence,
as in Eq. (4) for the amplitude of Struble's effect on wavelength f . Still, there is no explicit discussion of Struble's effect and how it differs from the ordinary Doppler effect here.
Hence, it does appear that Struble's effect had not been noticed before or, at any rate, was not at all well known, in accordance with the assessment by Chandrasekhar in SEC 1. It is also interesting to note that the effect does not appear in the 1965 paper by Fox 22 , which is a detailed critique of all available evidence against emission theories. On the other hand, it must be conceded that Struble's argument is purely kinematical as it stands, and a final assessment of its physical merit should include a deeper investigation of dynamical aspects as well, along the lines suggested by Chandrasekhar (SEC 1) and Hill (SEC 6) mentioned before.
In the end, Struble pursued his interests in mathematics and its applications, and never resumed his attempt to publish this work at the interface of astronomy and theoretical physics: "[...] the main reason I couldn't follow through was that I would need to use Einstein's superior version. Though his letter granted me precidence f In fact, it is likely that Struble knew Bergmann's treatment, since the first edition had been published in 1942 and it had become a popular textbook on relativity theory: there had been four printings by 1948, according to the colophon of the Prentice-Hall, New York NY, 1948, edition. Moreover, Struble used the rather imaginative expression "ghost stars" in his letter to Einstein (SEC 7), which is also found in Bergmann (Ref. 8, p. 19) but not in the original papers on binary star effects of emission theory mentioned above.
[sic] on the idea, I couldn't publish his modifications as mine. I probably should have discussed it with him at the time." (SEC 11)
Final remarks
In addition to its scientific interest, the Struble-Einstein Correspondence gives detailed insight into individual motivations and practical aspects of the scientific process, as described in this article. Einstein 
